New N-allyl/propargyl 4-substituted 1,2,3,4-tetrahydroquinolines derivatives were efficiently synthesized using acid-catalyzed three components cationic imino Diels-Alder reaction (70-95%). All compounds were tested in vitro as dual acetylcholinesterase and butyryl-cholinesterase inhibitors and their potential binding modes, and affinity, were predicted by molecular docking and binding free energy calculations (ΔG) respectively. The compound 4af (IC 50 = 72 lM) presented the most effective inhibition against acetylcholinesterase despite its poor selectivity (SI = 2), while the best inhibitory activity on butyryl-cholinesterase was exhibited by compound 4ae (IC 50 = 25.58 lM) with considerable selectivity (SI = 0.15). Molecular docking studies indicated that the most active compounds fit in the reported acetylcholinesterase and butyryl-cholinesterase active sites. Moreover, our computational data indicated a high correlation between the calculated ΔG and the experimental activity values in both targets.
reduced derivatives, tetrahydroquinoline, are heterocycles of great relevance in medicinal chemistry and constitute an important class of compounds for new drug development (14) . Compounds containing quinoline structure are widely used as antiasthmatic, antimalarial, antiviral, anti-inflammatory, anti-bacterial, antifungal, and anticancer drugs (15) . Different routes are used to carry out the synthesis of tetrahydroquinolines compounds (16) (17) (18) . However, imino Diels-Alder reaction between aldimines and electron-rich alkenes is probably the most powerful synthetic tool for the construction of these type of heterocyclic compounds (19) . Diverse Lewis and Brønsted acids have been used as efficient catalysts for the synthesis of tetrahydroquinolines (20) . When substituted anilines and formaldehyde are used as starting materials, a cationic 2-azadiene intermediate is generated in situ. This cationic version of the imino DielsAlder reaction, considered a formal inverse electron demand [4p + + 2p] cycloaddition reaction, has not been widely explored in the preparation of tetrahydroquinolines (21, 22) . On the other hand, several bioactive compounds against neurodegenerative diseases, with allyl and propargyl fragments in their molecular structure, have been reported. Among them, propargylamine derivatives showed activity against monoamine oxidase (23) and cysteine derivatives with allyl group showed activity and high selectivity against BChE (24) .
In the course of our screening for novel and selective bioactive compounds, we have reported the antiparasitic and antifungal activity of some substituted (tetrahydro) quinolines (25) (26) (27) (28) . Considering our previous findings and continuing with our research effort in the search for new bioactive compounds, we decided to prepare different polyfunctionalized N-allyl/propargyl 1,2,3,4-tetrahydroquinolines and to evaluate their biological properties. Here, we report the synthesis and in vitro activity testing of several N-allyl/propargyl 4-substituted 1,2,3,4-tetrahydroquinoline derivatives (4aa-af) and (4ba-bf), as dual AChE-BChE inhibitors, using N-allyl/propargylanilines 1 as precursors. These tetrahydroquinoline compounds were prepared using a three-component cationic imino Diels-Alder cycloaddition methodology (29) that provided the N-allyl/propargyl 4-substituted 1,2,3,4-tetrahydroquinoline derivatives with high structural diversity. These new derivatives are potential cholinesterase inhibitors, which could be employed in the design of new drugs for AD treatments.
Methods and Materials
Chemistry All reagents were purchased from Merck (Darmstadt, Germany), J.T. Baker (Center Valley, PA, USA) and Sigma and Aldrich Chemical Co. (San Luis, MO, USA), and they were used without further purification. The reaction progress was monitored using thin layer chromatography on PF254 TLC aluminum sheets from Merck. Column chromatography was performed using Silica gel (60-120 mesh) and solvents employed were of analytical grade. The melting points (uncorrected) were determined using a Fisher-Johns melting point apparatus (Bibby Scientific Limited, Staffordshire, UK). IR spectra were recorded on a FT-IR Bruker Tensor 27 spectrophotometer coupled to Bruker platinum ATR cell. Mass spectrometry ESI-MS analyses were conducted on an ESI-IT Amazon X (Bruker Daltonics, Billerica, MA, USA) with direct injection, operating in Full Scan at 300°C and 4500V in the capillary, using nitrogen as nebulizer gas with a flow of 8 General procedure for the synthesis of N-allyl/ propargyl-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinolines All reactions were performed at room temperature unless otherwise stated. In a round bottom flask, a 5 mL solution in acetonitrile (MeCN) HPLC grade of preformed N-allylaniline (1a) or N-propargylaniline (1b) (1 mmol) and formaldehyde (2, 37% in methanol; 1.1 mmol) was prepared and stirred for 10 min. A 5 mL solution of p-TsOH (InCl 3 ) (20 mol%) in MeCN was then added. After 20 min a solution of N-vinyl-2-pyrrolidinone 3 (1.1 mmol) in MeCN was incorporated to the reaction mixture and was vigorously stirred. The resulting mixture was stirred for 3-4 h. After completion of the reaction as indicated by TLC, the reaction mixture was diluted with water (30 mL) and extracted with ethyl acetate (3 9 15 mL). The organic layer was separated and dried (Na 2 SO 4 ). The crude product was obtained by solvent removal under vacuum and then purified by column chromatography, eluted with the appropriate mixture of petroleum ether and ethyl acetate to afford pure tetrahydroquinolines 4. 
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Cholinesterase inhibition
The biological evaluation of synthesized compounds, as cholinesterase inhibitors, was performed using the methodology described by Ellmann (30) . In a 96-well plate, 50 lL of the sample dissolved in phosphate buffer (8 mmol/L K 2 HPO 4 , 2.3 mmol/L NaH 2 PO 4 , 150 mmol/L NaCl, and 0.05% Tween 20 at pH 7.6) as well as 50 lL of the AChE/BChE solution (0.25 unit/mL), from Electrophorus electricus/ Bovine serum in the same phosphate buffer, were added. The assay solutions, except the substrate, were pre-incubated with the enzyme for 30 min at room temperature. After pre-incubation the substrate was added. The substrate solution consists of Na 2 HPO 4 (40 mmol/L), acetylthiocholine/butyrylthiocholine (0.24 mmol/L), and 5,5
0 -dithio-bis-(2-nitrobenzoic acid) (0.2 mmol/L, DTNB, Ellman's reagent). The absorbance of the yellow anion product, due to the spontaneous hydrolysis of substrate, was measured at 405 nm for 5 min on a Microtiter plate reader (Multiskan EX, Thermo, Vantaa, Finland). The AChE/BChE inhibition was determined for each compound. The enzyme activity was calculated as a percentage, compared against a control containing only the buffer and the enzyme in solution. The compounds were assayed in the dilution interval of 15-500 lg/ mL and the alkaloid galantamine was used as the reference compound. Each assay was run in triplicate and each reaction was repeated at least three independent times. The IC 50 values were calculated by means of regression analysis.
Enzymatic kinetic study
For enzymatic kinetic studies, the enzyme was pre-incubated with different substrate concentrations ranging from Computational studies
Molecular docking
The computational process of searching for a ligand that is able to fit both, geometrically and energetically, the binding site of a protein is called molecular docking (31) . Docking studies were performed using GLIDE. b Glide uses a series of hierarchical filters to find the best possible ligand binding locations in a protein grid space previously built. The filters include a systematic searching approach, which samples the positional, conformational, and orientation space of the ligand before evaluating the energy interactions of the ligand with the protein (in our case AChE and BChE). The atomic coordinates for proteins were extracted from the X-ray crystal structures of AChE (PDB ID: 1E66) (32) and BChE (PDB ID: 4BDS) (33) . The AChE and BChE protein structures, employed for molecular docking and ΔG calculations, were prepared using the Protein Preparation Wizard module from MAESTRO SUITEb. The center of the grid box was located into the residues Phe330, Trp84 for AChE; and Trp82 for BChE; the outer box edge of the grid box was refined and setting up as 30 A. The docking was carried out using the standard precision algorithm implemented in Glide.
The docking hierarchy begins with the systematic conformational expansion of the ligand, followed by the placement in the protein site. Then, minimization of the ligand in the field of the protein is carried out using the OPLS-AA (34) force field with a distance-dependent dielectric 2.0. Subsequently, the lowest energy poses are subjected to a Monte Carlo (MC) procedure that samples nearby torsional minima. The best pose for a given ligand is determined by the Emodel score while different compounds are ranked using Glide Score (a modified version of the Chem Score function of Eldridge (35) that includes terms for buried polar groups and steric clashes. In total 56 docking simulations, 28 for ligand-AChE and 28 for ligand-BChE, that included the two compound's isomers, were performed. The top-10 conformational poses for each complex were selected to estimate the ΔG bind through MM-GBSA method; corrections for entropy changes were not applied because we use congeneric THQs series.
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Binding free energy calculations
The computational method Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)was employed using Primeb. This method combines molecular mechanics energy and implicit solvation models (36) , and it was applied after the molecular docking process to re-score the N-allyl/propargyltetrahydroquinoline molecules and to obtain a more accurate estimation of ΔG bind values. In MM-GBSA, ΔG bind in the complex between ligands and the protein is calculated as:
where DG bind is the binding free energy (kcal/mol), DH corresponding to the enthalpy and DE MM , DG sol and TDS are the changes in the Molecular Mechanics Energy, the solvation free energy and the conformational entropy upon binding, respectively (37) . This last term was not considered in our ΔG bind calculations.
To perform the MM-GBSA calculations, the solvation model VSGB (38) and force field OPLS-AA were employed.
Residues at a distance at 5 A from the ligands were included in the flexible region.
ADME screening
The absorption, distribution, metabolism, and excretion (ADME) properties of the molecules were obtained by Qik Propprogram (39) ; to predict some physical and pharmaceutical properties. For this purpose, 44 descriptors were predicted for the set of new ligands, such as molecular weight, molecular volume, van der Waals, surface areas of polar nitrogen and oxygen atoms, H bond acceptors, H bond donors, Log P (octanol/water), rotatable bonds, among others. From these descriptors, QIKPROP software also evaluated the acceptability of the compounds based on Lipinski's rules (40) .
Statistical analysis
All assays were performed in triplicate in independent assays, and obtained values were analyzed and expressed as mean AE standard error of mean (SEM) using Statistical Product and Service Solutions, 17th version (SPSS, Inc., Chicago, IL, USA)). IC 50 values for tetrahydroquinolines derivates against AChE were calculated using regression analysis. Statistical analyses were performed by one-way analysis of variance (ANOVA).
Results and Discussion

Chemistry
The synthesis of target N-allyl/propargyl 4-substituted 1,2,3,4-tetrahydroquinoline derivatives 4 (allyl and propargyl series) was carried out using a straight forward and efficient synthesis based on the acid-catalyzed one-pot multicomponent cationic imino Diels-Alder reaction, outlined in Scheme 1. In the case of the synthesis of N-allyl tetrahydroquinoline series (4aa-ag), the reaction occurs in anhydrous MeCN between preformed N-allylanilines 1a, formalin (37% formaldehyde) 2 and N-vinyl-2-pyrrolidinone 3 in presence of p-toluenesulfonic acid (p-TsOH, 20% mol) as acid-catalyst at room temperature. These tetrahydroquinoline derivatives (4aa-ag) were obtained as viscous oils with 74-93% yield after their chromatography purification (Scheme 1, Table 1 ). Synthesis of N-propargyl tetrahydroquinolines series (4ba-bg) involved the reaction among preformed N-propargylaniline1b, inexpensive formalin 2 and N-vinyl-2-pyrrolidone 3. In this case the best performance of the reaction occurred when Indium (III) chloride (InCl 3 , 20% mol), in anhydrous MeCN at room temperature, was used as catalyst. After chromatography purification, the respective N-propargyltetrahydroquinoline derivatives (4ba-bg) were obtained as stable solids and with high yields (73-95%) (Scheme 1, Table 1 ).
All new N-allyl/propargyltetrahydroquinoline derivatives 4 were structurally characterized using NMR spectroscopic techniques, electrospray ionization-mass spectrometry (ESI-MS) and IR spectroscopy. In the IR spectra, bands for C=O (1662 -1681 cm À1 ) vibrations were observed.
In the particular case of N-allyl tetrahydroquinoline, IR spectra showed typical bands from allyl fragment (910-923 cm À1 ) vibrations, while that in the IR spectra for N-propargyltetrahydroquinoline was easily identified as bands for propargyl fragment (3209-3302 cm
À1
) vibrations. 
Anti-cholinesterase biological activities
All synthesized compounds were evaluated in vitro as dual AChE/BChE inhibitors. The compound's concentration required for 50% of enzyme inhibition (IC 50 ) was calculated by means of regression analysis. Table 2 are expressed in lM as means AE SEM, and they were compared using ANOVA analysis. A p value, <0.05, was considered significant. Details for pharmacological experiments are described in Experimental section as well as in previous reports (41) . Although the biological activity of compounds was poor, when compared to the reference employed, it was proved that synthesized compounds could be starting scaffolds used as interesting pharmacophores for the design of new biologically active compounds against enzymes related with neurodegenerative diseases. The N-allyl tetrahydroquinolines exhibited promising inhibitory activity on both AChE/BChE enzymes.
All tabulated results in
The most effective inhibition among the evaluated molecules was shown by compound 4af against AChE (IC 50 = 72 lM) despite its poor selectivity (SI = 2). Alternatively, the best inhibitory activity on BChE was exhibited by compounds 4ab, 4ae, and 4ag (IC 50 < 32 lM). N-allyl tetrahydroquinolines 4ae turned out to be the most active compound with IC 50 = 25.58 lM against BChE and with considerable selectivity (SI = 0.15). On the other hand, the evaluated N-propargyl tetrahydroquinolines resulted in a poor inhibition of the AChE (IC 50 = 259.63-661.38 lM) compared to the reference drugs. However, they showed higher selectivity toward the AChE compared to the BChE (SI = 1.35-4.46).
Enzymatic kinetic study
Cholinesterases are a group of serine hydrolases that catalyze the hydrolysis of acetylcholine, which leads to the termination of the nerve impulse transmission at the cholinergic synapses. Two types of cholinesterases are found in human (butyryl and acetyl), and the activity of AChE is many folds higher than that of BchE (42) . The nature of cholinesterase inhibition, caused by the most active compounds (4ae and 4af) was determined by the graphical analysis of steady-state inhibition data (Figure 1) . Only three inhibitor concentrations (12.79, 25.58 and 51.16 lM for 4ae and 36.46, 72.91 and 145.82 lM for 4af) were used for Lineweaver-burk plot graphs, because at higher concentrations the compounds lost their solubility. The study of Lineweaver-burk reciprocal plots showed increasing slopes and very similar intercepts in the y-axis with higher inhibitor concentrations. This suggests a possible reversible and competitive inhibition mechanism, where V max was constant, taking the same value while K m value increased for both compounds. This roughly means that these compounds compete with the substrate for binding at the same active site.
This competitive-type inhibition, mechanism is also presented by galantamine, dibucaine, rivastigmine and others synthetic compounds like heteroarylacrilonitriles derivatives(43), thiazolines and oxazolines (44) and quinazolines (45) .
Computational studies
The alignment of sequence between AChE from Torpedo californica and Electrophorus electricus and BChE from Homo sapiens and serum bovine was carried out, obtaining an identity percentage of 65% and 90% respectively. It is consistent with the work done by Chothia and Lesk (46) . The alignments were obtained by Clustal Omega program, and identity percentages were calculated by BLAST tool from NCBI (National Center for Biotechnology Information).
Several molecular docking simulations were performed between fourteen synthesized molecules and their protein targets, taking into account the chirality of the studied ligands. Therefore, the binding and affinity computational studies were completed using the R and S enantiomers for each molecule (28 in total).
The top-10 poses for each complex were selected from docking simulations, producing in total 280 poses that were analyzed for each target. To quickly and effectively process and organize the 560 poses, the python script cluster of ligands (available at www.schrodinger.com/scripcenter/) was used. In Figure 2 are shown the most populated clusters for each target. It can be seen that structures of docked compounds (blue) superimposed well and fit in the space occupied by reference ligands huprine (yellow) and tacrine (red). In general, our docking results showed that conformations adopted by docked compounds are similar to the X-ray binding modes presented by huprine in AChE and tacrine in BChE.
All poses for each complex were selected to estimate the DG bind . The calculated DG bind values, against pIC 50 , are plotted in Figure 3 . The implemented computational protocol applied in the present study (molecular docking + MM-GBSA) has been successful in predicting the binding affinity of new series of ligands against AChE and BChE targets. Moderate correlation coefficients (AChE: R 2 = 0.735 and BChE: R 2 = 0.709) were observed between the calculated ΔG bind and the experimental activity values.
The plot of DG bind and experimental pIC 50 reveals a moderate relationship between these two variables (Figure 3 This allowed us to understand the diversity of conformational poses and binding strength for the ligands interacting within the active site of their targets. Noteworthy, the most and less active compounds, against AChE and BChE, were correctly ranked by the applied computational protocol.
With the aim to study the interactions between the synthesized THQs inhibitors series, at an atomistic level, the molecular docking + MM-GBSA protocol was applied. The best poses for the most potent AChE (molecule 4af) and BChE (molecule 4ae) inhibitors reported in this work were compared with the AChE (32) and BchE (33) ligands reported in previous crystal structures. In Figure 4A , shows Similarly, as can be seen in Figure 4B , compound 4ae showed a p-p stacking interaction against residue Trp82 within BChE active site. This interaction is the same reported for tacrine ( Figure 4B , red) in the reference crystal with PDB ID: 4BDS (33) . The inhibitor 4ae establishes a p-p stacking interaction with residue Trp82 with a distance of 4.16 A, while the same distance for tacrine is about 4.13 A (not shown). Despite the small difference in the interaction distances, it can be said that the inhibitor 4ae acts like ligand reference tacrine.
The compounds 4af and 4ae interact with AChE and BChE, respectively, by hydrophobic interactions (mostly p-p stacking). These compounds do not exhibit other kind of interactions (like H-Bond interactions) and their binding modes are driven mainly by the p-p stacking interaction system, which is in agreement with the same intermolecular interactions reported for reference ligands. These binding mode, in addition with the predicted DG bind and IC 50 values allowed us to confirm that compounds 4af and 4ae are potential novel cholinesterase inhibitors.
Finally, one important characteristic that any biologically active compound should fulfill for being a candidate drug is the ability to cross biological membranes. Thereby, and in accordance with the above; a molecule must possess the appropriate ADME (Absorption, Distribution, Metabolism, and Excretion) properties. In this work 44 significant physical descriptors and pharmaceutical properties of the compounds were analyzed; including among others: lipophilicity expressed as the octanol/water partition coefficient (log P), van der Waals surface areas of polar nitrogen and oxygen atoms (PSA) and other parameters related with Lipinski's rule. Therefore, theoretical prediction of the ADME properties for all compounds was described under different parameters showed in Table 3 .
The analysis of the ADME results suggested that do not exist any important violations of Lipinski's rule because all calculated descriptors and properties are within the expected thresholds (Molecular weight (g/mol) = 254-335; Log P = 2.623-3.381; HB acceptors = 4-4.475 and HB donors = 0-0.5). Additionally, PSA and water solubility (log S) parameters, that are important in the membrane penetration and the absorption and distribution of drugs, respectively; were analyzed and the results were in the acceptable range defined for human use (47) .
All physical and pharmaceutical properties calculated for the synthesized new molecules in this work are within the acceptable range defined for human use, thereby indicating their potential use as drug-like molecules.
Conclusions
Our results suggest that synthetic N-allyl/propargyl tetrahydroquinolines 4, obtained by an efficient, simple, and mild methodology based on the one-pot cationic imino DielsAlder reaction, present anticholinesterase effects. Furthermore, computational studies revealed the structure-activity relationships of synthetized compounds, their binding conformational mode that, in addition with the DG bind predicted values, allowed us to confirm that the drug-like compounds 4af and 4ae are novel cholinesterase modulators with potential therapeutic use.
Moreover, N-allyl 1.2.3.4-tetrahydroquinolines displayed better inhibitory activity against BChE in comparison with N-propargyl 1.2.3.4-tetrahydroquinoline and their Inhibitory activity was influenced by the substitution patterns of synthetic compounds. Selective inhibition of BChE over AChE may have another beneficial effect compared with the exclusive use of AChE inhibitors (48) . In view that N-allyl tetrahydroquinoline derivatives could be a new potent type of BChE inhibitors, further investigations will be held to optimize the biological activity profile of this type of molecular scaffold as future agents against Alzheimer's disease.
